We study the feasibility of measuring semi-exclusive photon production γ + p → γ + Y at HERA. The cross section of photons produced at large transverse momenta, recoiling off an inclusive system Y of limited mass, can without photon isolation cuts be simply expressed in terms of hard pQCD subprocesses and standard target parton distributions. With the help of event generators we identify the kinematic region where quark and gluon fragmentation processes can be neglected. The cross section in this semi-exclusive region is large enough to be measured with an upgraded HERA luminosity of L = 100 pb −1 .
I. INTRODUCTION
Semi-exclusive reactions of the type A + B → C + Y , where particle C emerges with large transverse momentum and the mass of the inclusive system Y satisfies Λ QCD M Y E cm , provide a new tool for probing the structure of hadrons [1] . It is analogous to DIS, ep → eX, in the sense that particles A and C form an effective current which probes the target B at large momentum transfer t = (p A − p C ) 2 , producing the inclusive system Y . Semi-exclusive cross sections factorize into a calculable short distance interaction times a standard target parton (b) distribution f b/B (x S , −t) according to
where
and the momentum transfer −t serves as factorization scale. For large −t only compact configurations of particles A and C participate in the reaction, and their re-interactions with the target are suppressed. The final parton(s) d merges with the target spectators to form the inclusive system Y .
In this paper we discuss the feasibility of measuring the semi-exclusive process γp → γY ( Fig. 1) at HERA. This process is particularly favorable since photons have a point like component which is selected by the semi-exclusive dynamics. The lowest order pQCD subprocesses are shown in HERA data on photon production at large transverse momentum have previously been studied [2] [3] [4] [5] [6] in terms of an isolation cut, which ensures low accompanying transverse energy in a cone around the photon direction. Such a cut removes a large fraction of the photons produced by fragmentation and decay, but allows 'resolved' photon contributions, where a photon remnant emerges at low transverse momentum. In a semi-exclusive process particles in the incoming and outgoing photon directions are kinematically prohibited by the condition M
CM of the γp system. The price paid in cross section is rewarded by model independence of the theoretical analysis. In particular, there are no contributions from parton fragmentation, hadron decay nor resolved photon processes.
In practice some model dependence is introduced through the estimate of what restrictions on t and M 2 Y must be imposed in order to eliminate backgrounds from competing processes. We use the PYTHIA [7] and LUCIFER [8] Monte Carlo generators to model photon production via fragmentation and hadron decay, and find that these processes do not contribute for
We also estimate that for incoming photon virtualities Q It is important to notice that the low order pQCD amplitudes of Fig. 2a ,b actually are suppressed at high subenergiesŝ = x s W 2 . These amplitudes are ∝ŝ 0 , whereas the higher order amplitude of Fig. 2c is ∝ŝ 1 due to two gluon exchange in the t-channel. At even higher orders repeated gluon ladders are expected to build up hard Pomeron exchange in the BFKL approximation, as has been studied extensively for the present process [9] [10] [11] [12] . It is worthwhile to explore at what value ofŝ/ − t the higher order diagrams begin to dominate. We find that the BFKL amplitude is numerically important compared to the lowest order contributions in the whole semi-exclusive rangeŝ/ − t > ∼ 10. If the BFKL approximation is reliable (or the amplitude of Fig. 2c dominates) at such moderate values of the subprocess energy then the subprocess cross section will be found to grow (or be constant) in this whole range. Alternatively, if the lowest order diagrams dominate, the subprocess cross section will decrease in the lower range ofŝ/ − t. This would make it smaller than the BFKL estimate at highŝ/ − t.
II. SUBPROCESS CROSS SECTIONS
The lowest order cross section for γq → γq (Fig. 2a) is [13] 
with α = e 2 /4π. For the lowest order γg → γg process (Fig. 2b) we have analogously [14, 15] ,
It is interesting to compare the size of the BFKL cross section to the LO ones given above. The γg → γg BFKL cross section is to leading logarithmic accuracy given by [10] [11] [12] 
In Fig. 3 we show the dimensionless lowest order cross sectionsŝ 2 dσ/dt for γu → γu (solid line) and γg → γg (times 10, dot-dashed line). The small size of the lowest order γg → γg cross section means that it will be insignificant also in the physical process γN → γY , even though the gluon distribution is larger than the quark one at low values of x s . The dashed line shows the BFKL cross section (6) for γg → γg, based on iterating higher order diagrams like that in Fig. 2c . We used the fixed value α s = 0.2 indicated by BFKL fits to HERA and Tevatron data [16] [17] [18] . The BFKL cross section is comparable to the lowest order one already atŝ/ − t 10, with their ratio growing roughly as (ŝ/ − t) 2 . It should be stressed, however, that the BFKL analysis is expected to be reliable only forŝ/ − t > ∼ 100 [12] , and that there may be sizeable corrections from NLO corrections [19] . 
III. SEMI-EXCLUSIVE PHOTON ELECTROPRODUCTION AT HERA
The ep → eγY electroproduction cross section is in the semi-exclusive limit Λ
Here y is the fraction of momentum that the photon, of virtuality ≤ Q 2 max , takes of the electron beam. The Weizsäcker-Williams function f γ/e (y, Q 2 max ) is given in [20] ,
In our kinematical range the Weizsäcker-Williams scale is identical to the upper limit of the photon virtuality Q 2 max , as the typical hard scale −t, which characterizes the production process, is much larger than Q 2 max . A detailed discussion of the choice of the Weizsäcker-Williams scale can be found in Refs. [20, 21] . For the parton distributions f i/p (x s , −t) we use the GRV94 LO parameterizations [22] .
In this section we first estimate the kinematic region in which the semi-exclusive production mechanism dominates, and then evaluate the physical cross section in this region.
A. Background from Fragmentation and Decay in Photoproduction
Large transverse momentum photons can be produced through quark and gluon fragmentation q, g → γ + X, following standard hard scattering processes such as photon gluon fusion γg →and gluon bremsstrahlung γq → qg. A second source of contributions are photons from hadronic decays like π 0 → γγ. In the following we call both background contributions 'fragmentation'. Such processes typically give hadrons in the photon direction, and are thus suppressed in the limit where
We have used the Monte Carlo event generators PYTHIA [7] and LUCIFER [8] to estimate the range of
in which semi-exclusive production dominates over fragmentation. These event generators include the direct (semiexclusive) γq → γq cross section only at lowest order. The true semi-exclusive cross section may be larger than simulated, due to the neglect of higher order (BFKL) contributions. Hence our estimate of the significance of the fragmentation background is expected to be conservative. We do not consider possibilities to reduce the fragmentation contribution using photon isolation cuts [2] [3] [4] [5] [6] .
We evaluate the contributions from the direct process γq → γq and that from the background γg →and γq → qg processes separately. If the final state contains several photons, we choose the one with largest energy E 
In Fig. 4 we show the PYTHIA and LUCIFER results for W = 200 GeV and two ranges of photon transverse momentum, 4 GeV 2 < −t < 10 GeV 2 and 10 GeV 2 < −t < 30 GeV 2 . It may be seen that the semi-exclusive process γq → γq starts to dominate for
We have checked that the same conclusion holds for W = 80 GeV. Note that for M 2 Y −t, the subprocess variableŝ/ − t of Fig. 3 is in the semi-exclusive limit simply related to 
B. Background from the Bethe-Heitler Process in Electroproduction
When the incoming photon has virtuality Q 2 = 0 the final photon may be radiated off the electron (the BetheHeitler (BH) process, see Fig. 5 a) . We wish to determine the maximum value of Q 2 for which the BH cross section can be neglected compared to that of photon emission from the quark (Virtual Compton Scattering (VCS), see Fig. 5  b) . At finite Q 2 the lowest order ep → eγY cross section can be written
Here
γp in the notation of Fig. 5 . φ is the angle between q × p γ and × with the three-vectors given in the CM frame of the virtual photon and the proton, while W ep ≈ 300 GeV is the ep CM energy. We also defineŝ
which can be obtained fromŝ andû by replacing the quark momentum p(p ) with the lepton momentum l(l ).
The squared VCS and BH matrix elements can now be written as
with the common factor F given by
and
The expression for the interference term can be given in a symmetric form, Fig. 5b ) alone, while the dashed line includes also the Bethe-Heitler (BH, Fig. 5a ) contribution and the interference term. The kinematic region is defined in the text.
C. The Semi-Exclusive Cross Section
We have found that the process ep → eγY can be used to study semi-exclusive photon production at HERA in the kinematic range
In Fig. 7 we show the cross section
for two ranges of momentum transfer, 4 GeV 2 < −t < 10 GeV 2 and 10 GeV 2 < −t < 30 GeV 2 . The full curve shows the contribution of the LO process of Eq. (3) (Fig. 2a) . The dashed curve shows the contribution of the BFKL subprocess of Eq. (6) (Fig. 2c, plus gluon ladder iterations) , together with the corresponding γq → γq sea quark BFKL contribution [11] , (Fig. 2a) . The dashed line shows that of the BFKL process of Eq. (17) (Fig. 2c plus gluon ladder iterations) . The horizontal dash-dotted line gives the 1 event level per unit of W 2 /M 2 Y , for a HERA luminosity of 100 events/pb.
IV. CONCLUSIONS
Semi-exclusive processes A + B → C + Y provide a new tool for investigating hadron structure. Effective currents formed by the AC system generalize the virtual photon probe familiar from DIS and can carry charge, flavor, baryon and other quantum numbers [1] . Before this tool can be put to use, at least two questions need to be answered:
2 must be imposed in order for the semi-exclusive production mechanism to dominate? (ii) Can the hard AC vertex be reliably computed using pQCD?
In this paper we studied the process γp → γY , which is especially simple in the sense that both particles A and C have a point like component. Based on simulations with the PYTHIA and LUCIFER event generators we concluded that semi-exclusive dynamics should dominate for ∼ 0.1 GeV 2 , and can be further suppressed with angular cuts. The semi-exclusive cross section should be measurable at HERA, assuming that the subprocess cross sectionσ(γq → γq) is not smaller than its lowest order (LO) pQCD approximation. Point (ii) above is non-trivial, since the semi-exclusive kinematics implies a high energy (Regge) limit for the subprocess,ŝ/ − t 1. Little is known about the importance of higher order (HO) pQCD corrections in this limit. In the process under study the situation is particularly intriguing since the LO subprocess diagrams shown in Fig. 2a ,b correspond toexchange in the t-channel. At high subenergiesŝ they are therefore suppressed by a factor 1/ŝ 2 in the cross section compared to the O(α 4 s ) gluon exchange contribution of Fig. 2c . The latter is, on the other hand, just the first term in the series of gluon ladder diagrams which is supposed to build up the BFKL Pomeron in this process [10] [11] [12] .
It is not clear from which value ofŝ/ − t HO contributions like Fig. 2c start to dominate the LO processes of Fig. 2a,b . The BFKL approximation has been assumed to be relevant forŝ/ − t > ∼ 100 [12] . Extrapolating the BFKL cross section to lower energies we found (Fig. 7) that it would in fact dominate the LO cross section in the whole range of semi-exclusive dynamics,ŝ/ − t > ∼ 10. The ratio σ HO /σ LO behaves approximately like (W 2 /M 2 Y ) 2 , closely reflecting theŝ/ − t dependence of the respective subprocesses, cf. Eq. (9) . There are thus good prospects for determining the nature of the dominant t-channel exchange from experimental data.
We conclude that experimental studies of γp → γY in the semi-exclusive limit will provide valuable information on the possibilities for studying hadrons using effective, 'tailored' local currents. The data will also show the importance of higher order pQCD (including BFKL) contributions to hard subprocesses at largeŝ/ − t.
